This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. Recent epidemiological studies have revealed that osteoporosis is closely associated with common chronic diseases including diabetes, hypertension, chronic kidney disorders, and chronic obstructive pulmonary disease (COPD). COPD is a chronic inflammatory airway disease but now well known to be associated with various systemic comorbidities including osteoporosis. Osteoporosis and osteoporotic fractures are extremely common in COPD patients, which have significant impacts on their quality of life (QOL), activities of daily life (ADL), respiratory function, and possibly their prognosis. COPD-associated osteoporosis is however extremely under-recognized, hence undertreated. Recent studies have suggested that both decreased bone mineral density (BMD) and impaired bone quality compromise bone strength causing fractures in COPD. In COPD patients, various general clinical risk factors for osteoporosis are present including smoking, older age, low body weight, and physical inactivity. In addition, disease-related risk factors such as decreased pulmonary function, inflammation, glucocorticoid use and vitamin D deficiency/insufficiency have been linked to the development of osteoporosis in COPD. Increased awareness of osteoporosis in COPD, especially that of high prevalence of vertebral fractures is called upon among general physicians as well as pulmonologists. Routine screening for osteoporosis and risk assessment of fractures will enable physicians to diagnose COPD patients with comorbid osteoporosis at an early stage. Timely prevention of developing osteoporosis together with appropriate treatment of established osteoporosis may improve QOL and ADL of the COPD patients, preserve their lung function and eventually result in better prognosis in these patients.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a disease characterized by persistent and progressive airflow limitation associated with a chronic inflammation in the airways and the lung against noxious particles or gases, especially those from inhaled cigarette smoke. [1] COPD is now recognized as a systemic disease with various comorbidities including lung cancer, atherosclerosis, sarcopenia, osteoporosis, diabetes and anxiety/depression. Management of those comorbidities is clinically important as they are associated with hospitalization, mortality and diminished quality of life (QOL) in patients with COPD. [2] [3] [4] Osteoporosis is one of the major comorbidities of COPD. Although pathophysiological link between COPD and osteoporosis remains to be established, recent epidemiological studies [5] [6] [7] [8] [9] [10] including ours [10] from Japan have clearly indicated that osteoporosis is very common in COPD patients. On the other hand, a retrospective chart review of 234 newly-diagnosed male osteoporotics in an US bone clinic identified COPD as the leading cause of secondary osteoporosis, more frequent than glucocorticoid use or hypogonadism. [11] Moreover, osteoporosis-associated fractures may further deteriorate pulmonary function and thereby impair activities of daily life (ADL) of COPD patients. Thus, the two diseases will form a vicious cycle that causes significant burdens on the patients. Osteoporosis in COPD patients is however extremely undertreated. [5, 10, 12, 13] In this review, we will summarize and discuss clinical links and a mutual relationship between COPD and osteoporosis.
CLINICAL LINKS BETWEEN COPD AND OSTEOPOROSIS

Osteoporosis in COPD
Osteoporosis is a skeletal disorder characterized by compromised bone strength predisposing a person to an increased risk of fracture. The most important outcome is fracture, and fracture risk depends on bone strength that is determined by bone mineral density (BMD) and bone quality. [14] Because clinical assessment of "bone quality" has not been well developed, diagnosis of osteoporosis has been mainly dependent on BMD. Thus, caution would be needed in the interpretation of previous studies reporting prevalence of "osteoporosis" in COPD as most of them referred to low BMD as osteoporosis while some reports only analyzed fracture prevalence.
Low BMD in COPD
According to a previous systematic review [5] analyzing a total of 775 COPD patients from 13 studies, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] the prevalence of osteoporosis defined by low BMD was 35.1% on the average, ranging from 8.7% to 69%. Three highest numbers were from severe patients awaiting lung transplantation (69% [19] and 59% [23] ) or hospitalized patients due to acute exacerbation (60% [16] ), whereas the study that reported the lowest number (8.7% [27] ) used calcaneal ultrasonography instead of dual energy X-ray absorptiometry (DXA) for BMD evaluation. More recent studies recruiting stable outpatients demonstrated that prevalence of low BMD (T score ≤-2.5) was from 18% to 42%. [8, 10, [28] [29] [30] [31] The absolute prevalence is however difficult to interpret because BMD is affected by various characteristics of the subjects. The National Health and Nutrition Examination Survey (NHANES) in US demonstrated a 16.9% prevalence of osteoporosis defined by low BMD in 995 COPD subjects compared to 8.9% in 14,828 non-COPD subjects, indicating COPD increased the risk of osteoporosis (low BMD) by 1.9-fold. [30] Other cross-sectional studies comparing COPD patients with controls as well as population-based cohort studies have estimated the COPD-associated risk of osteoporosis at approximately 1.5-2 fold. [22, 26, 32, 33] 
Prevalent vertebral fractures (VFx) in COPD
In general, approximately two thirds of VFx are asymptomatic and only a small portion of fractures is recognized as clinical fractures with symptoms. It is thus critically important to assess prevalent morphometric fractures by spinal X-rays. Prevalence of VFx in COPD patients has been reported to be 24% to 79%. [6, 8, 10, 12, 25, [34] [35] [36] [37] Again, the values widely vary, depending on the characteristics of study subjects such as age, sex and COPD severity. Some studies included controls for comparison. One study [35] reported that the odds ratio (OR) of having at least one severe VFx in COPD patients was 3.75 compared with ageand sex-matched controls. Another study [6] demonstrated that the prevalence of VFx was 72% higher in 465 COPD subjects than in 462 controls.
Interestingly, in the latter study, [6] COPD patients appeared to have more VFx in the thoracic than lumbar spine, although both COPD and control subjects had fractures most frequently in the mid-thoracic region (Th7-8) and the thoracic-lumbar junction (Th12-L1). Others [34] reported similar results; 49% of the subjects had at least one thoracic fracture whereas 16.5% had at least one lumbar fracture. Another study of 255 COPD outpatients [8] reported 139 thoracic and 33 lumbar VFx. One could only speculate that thoracic vertebrae may preferentially be affected by aberrant physical/mechanical interaction between the lungs and the thoracic cage in the context of thoracic deformities, altered lung compliance, frequent coughing and respiratory muscle wasting as well as biochemical interaction through unknown soluble factors in the local milieu. Predominance of thoracic fractures is still a matter of controversy and requires further investigation.
Clinical fractures in COPD
In a large observational cohort study called Global Longitudinal Study of Osteoporosis Women (GLOW), [38] They also showed increased hip fractures in COPD in a manner dependent on the duration of hospital stay. Thus, COPD seems to be associated with an increased risk of clinical osteoporotic fractures including hip fractures.
Regan et al. [42] investigated the impact of COPD on hip fracture outcomes in a large cohort of men (n =12,646) undergoing hip fracture surgery. Surprisingly, COPD was noted in 47% of their hip fracture cases, and 26 % had severe COPD and showed one-year mortality of 40.2% compared with 31.0% in mild COPD and 28.8% in non-COPD subjects. Therefore, although the true incidence of hip fracture in COPD is unknown, the presence of COPD in patients with hip fractures is rather common and appeared to be associated with a poor prognosis.
Bone quality in COPD
It is generally accepted that BMD accounts for approximately 70% of bone strength. [14] Determinants of bone strength besides BMD are referred to as "bone quality," contributing to the rest (30%) of bone strength. In some secondary osteoporosis such as those associated with diabetes mellitus and glucocorticoid excess, fracture risk depends less on BMD and more on bone quality, even though the mechanisms of deteriorated bone quality are incompletely understood in both conditions. [43] [44] [45] Whether or not COPD-associated fracture risk involves impaired bone quality is not only a matter of great interest but of importance in the consideration of therapeutic strategy.
Indeed, in previous studies investigating both BMD and VFx prevalence in COPD subjects, BMD was not a good predictor of fracture. Graat-Verboom et al. [8] reported that 36.5% had VFx while that only 23.6% had BMD-defined osteoporosis (T≤2.5). Our Japanese study of 136 COPD males [10] revealed that prevalent VFx were present in 79.4% but low BMD (T≤2.5) only in 38.8% of the subjects. These results clearly indicate that BMD-independent mechanisms, i.e. issues with deteriorated bone quality, are involved in COPD-associated osteoporosis.
Data on bone quality in COPD is however limited: almost no data about the material properties of bone such as bone matrix protein degeneration, degree of calcification. There have been several reports on structural properties of bone. Bone biopsy is the best way to directly assess bone microarchitecture at the tissue level. There is only one report in which histomorphometric analysis was performed on the biopsied bone specimens from postmenopausal women with COPD who had not been treated with systemic glucocorticoid. [46] COPD women showed significantly decreased trabecular bone volume and connectivity density, and decreased cortical width and increased cortical porosity, compared with age-matched postmortem control samples. Connectivity density was negatively correlated with smoking (pack-years).
The trabecular bone score (TBS) is a gray-level textural metric that can be extracted from the lumbar spine DXA image, and reflects microarchitecture of trabecular bone. [47] TBS is only partially dependent on BMD, and lower TBS has been shown to be associated with higher fracture risk independent of BMD. A large retro-prospective cohort study in Manitoba investigated clinical factors associated with TBS, which demonstrated that COPD was a significant negative contributor to TBS in 29,407 women over age 50, even after adjustment for age and BMD. [48] Our preliminary study also found low TBS in COPD associated with advanced GOLD stages (Watanabe et al. unpublished results) .
Taken together, these results suggest that structural deterioration affects bone strength in COPD patients. However, a recent study [49] ed tomography (HR-pQCT) [50] failed to demonstrate significant difference in bone structure as well as stiffness and failure load estimated by micro finite element analysis (µFEA). Further studies will be necessary to establish clinical significance and contribution of bone quality including material properties of bone to COPD-associated osteoporosis.
Bone metabolism in COPD
Bone is subject to continuous remodeling, and the balance between resorption and formation is critical to the maintenance of bone mass and quality. Biochemical bone markers are useful to non-invasively evaluate bone metabolism. [51] A few studies have investigated bone turnover in COPD patients.
A study comparing 30 males with stable COPD with 15 age-and sex-matched ex-smoker controls found no significant differences in serum levels of amino-terminal propeptide (P1NP) or beta-isomerized C-terminal telopeptide of collagen type I (βCTX). [52] Negative results may be simply due to the small sample size, however, the same report demonstrated that COPD patients indeed had lower BMD, with which the two bone markers were significantly negatively correlated.
A more recent study from China [53] reported that COPD patients exhibited lower bone turnover than controls: serum levels of P1NP, βCTX, and N-Mid osteocalcin were all significantly lower in male COPD subjects than controls. In female COPD, significant differences were only observed with P1NP, suggesting that the postmenopausal status associated with high bone turnover masked otherwise suppressed bone turnover in COPD. In this study inhaled glucocorticoid (ICS) therapy had no significant impacts on any of the marker values.
Consistent with these results, dynamic histomorphometrical analysis of biopsied bone specimens from COPD patients revealed a significantly lower trabecular mineral apposition rate (MAR) compared with controls. [46] It thus seems likely that COPD is associated with diminished function of bone-forming osteoblasts resulting in low bone turnover. It should however be noted that there are multiple factors that can either enhance or suppress bone turnover to various degrees in COPD patients, including vitamin D deficiency, glucocorticoid use, immobilization, hypoxia, and so forth. Elucidation of COPD-associated changes in bone metabolism awaits further large-scale studies.
Osteoporosis risk factors in COPD
Little is known about the mechanisms that lead to osteoporosis in COPD patients. Clinical evidence has however indicated that osteoporosis and other systemic comorbidities of COPD are associated with various general and disease-specific risk factors.[1,2,5,7,54] They are listed in the Table 1 . In the following paragraphs we will discuss general risk factors of osteoporosis present in COPD patients followed by disease-associated factors such as systemic inflammation, pulmonary dysfunction, ICS use and vitamin D deficiency/insufficiency.
GENERAL RISK FACTORS FOR OSTEOPOROSIS IN COPD
Older age and smoking are common risk factors for osteoporosis and COPD. Smoking is an established risk factor of osteoporotic fracture but has modest effect on BMD. [55, 56] Although our recent study suggests that smoking may inhibit bone formation (Watanabe et al. unpublished observations), exact mechanisms how smoking affect bone strength are not well known. Although to what extent smoking and the age contribute to fracture risk in COPD is unknown, it seems unlikely that osteoporosis is explained solely by aging and smoking. [38, 57, 58] Body weight loss is frequently found in COPD, particularly at advanced stages, and is associated with a poor prognosis. [59] In general, body mass index (BMI) is a determinant of BMD and fracture risk in general population, and low BMI-associated fracture risk is mostly dependent on BMD. [60] Consistently, low BMI has also been shown to predict osteoporosis and VFx among COPD patients. [5, 13] Weight loss and cachexia in severe COPD have been attributed to systemic inflammation with increased levels of cytokines such as tumor necrosis factor-alpha (TNF-α) and Mechanical loading to bone is critical to the maintenance of bone mass and its structural integrity. Accordingly, reduced physical activity is an established risk factor of osteoporosis in the general population. [62, 63] Physical activity scores have been shown to correlate with BMD in COPD patients. [29, 64] We also found that hip BMD was negatively correlated with COPD assessment test (CAT) scores, [10] which reflect general health status and performance of COPD patients. [65] Reduced physical activity may also worsen sarcopenia and reduce sunlight exposure predisposing vitamin D deficiency/insufficiency, leading to further enhancement of bone loss.
A fracture risk assessment tool, called fracture-risk assessment tool (FRAX) has been developed and utilized worldwide to evaluate future fracture risk in general. [66] FRAX calculates 10-year probability of fractures based on clinical risk factors including age, sex, BMI or BMD, a prior fragility fracture, current smoking, history of oral glucocorticoids use, and the presence of disorders causing secondary osteoporosis including type 1 diabetes, rheumatoid arthritis but not COPD or type 2 diabetes. Of particular importance is the fact that fracture prevalence in COPD markedly exceeds that predicted by FRAX. [8, 37, 38] These results indicate that COPD, as type 2 diabetes, poses fracture risks not yet adopted in FRAX. Clinically, caution will be needed when assessing fracture risk with FRAX in COPD patients.
DISEASE-SPECIFIC RISK FACTORS FOR OSTEOPOROSIS IN COPD
Systemic inflammation
The pathophysiological process of COPD is characterized by infiltration of mucosa, submucosa and glandular tissue by inflammatory cells in the airway, resulting in increased mucous content, epithelial hyperplasia, which lead to airway wall thickening. Chronic inflammation and imbalance between proteases and their inhibitors cause disturbed tissue repair leading to narrowing, obliteration and destruction of terminal bronchioles. [2] Smoke-induced injury of epithelial cells stimulate release of, early cytokines such as IL-1, interleukin (IL)-8 and TNF-α, followed by the recruitment of immune cells including macrophages, neutrophils and dendritic cells. In addition to the basic innate immunological processes, chronic inflammatory responses involve activation of Th1, 2, 17 systems and persistent activation of resident stem cells in the lung. "Spillover" of such local inflammatory process has been hypothesized as the cause of various systemic inflammatory changes and comorbidities including osteoporosis. [2, [67] [68] [69] Increased production of such cytokines, indeed, has been demonstrated, and some of them are considered as therapeutic targets of COPD. [69] [70] [71] Moreover, systemic inflammation reflected by elevated C-reactive protein (CRP) in the general population has been linked to osteoporosis and to an increased bone resorption. [72] [73] [74] [75] [76] [77] Consistent with a role of inflammation in COPD-associated osteoporosis, COPD patients with lower BMD have been shown to have higher levels of CRP and inflammatory cytokines such as TNF-α, IL-1, and IL-6. [78, 79] A simple mechanism of increased boneresorptive cytokines has however been doubted, because increased bone resorption has not been the consistent finding in COPD-associated osteoporosis. Our preliminary results suggest that systemic inflammation in COPD is associated with impaired bone microarchitecture reflected with lower TBS (unpublished observations by Watanabe et al). Precise roles of systemic inflammation in COPD-associated osteoporosis and its contribution to fracture risk remain to be determined.
Pulmonary dysfunction
Both hypercapnea and hypoxia have significant impacts on bone metabolism [80] and may predispose COPD patients to osteoporosis, especially in patients with untreated and/or severe COPD. [17] Correlation between osteoporosis and pulmonary function has been rather extensively studied. Decreased forced expiratory volume in one second (FEV1.0) and/or advanced Global Initiative for Chronic Obstructive Lung Disease (GOLD) stages have been demonstrated to be correlated with lower BMD. [6, 8, 10, 27, 37] Some [81, 82] but not all [83] have reported correlation between BMD and FEV1.0 in the general population. In COPD patients the correlation of pulmonary function and/or GOLD stages with BMD seems to be in part mediated by BMI, whereas the correlation between BMD and with fracture prevalence was not always apparent. [8, 10, 25] Some mechanisms affecting BMD-independent fracture risk, i.e. bone quality, are present in COPD as discussed earlier. In addition, GOLD stages do not always reflect time-dependent progression of COPD. A recent study [84] has indicated that low FEV1.0 in early adulthood is important in the development of COPD and that accelerated decline in FEV1.0 is not an obligate feature of COPD. Thus, it also seems possible that COPD subjects are already susceptible to osteoporotic fractures even at early stages.
Relationship between pulmonary function and fractures in the cross-sectional studies should however be interpreted with caution, because they can mutually affect each other. VFx can cause back pain, thoracic deformities, kyphosis and height loss, all of which can result in impaired pulmonary function. A systematic review [85] on the relationship between pulmonary function and VFx in COPD has demonstrated that every single VFx is associated with a 9% decline in vital capacity (VC). Our study confirmed association of (severe) fractures with decreased VC and that of fracture number with decreased FEV1.0. [10] One longitudinal study demonstrated that decline in FEV1.0 was associated with development of osteoporosis. [86] Current evidence is, however, not enough to predict development of osteoporosis from pulmonary dysfunction and vice versa.
Glucocorticoid use
Glucocorticoid is a common and established secondary cause of osteoporosis. Glucocorticoid-induced osteoporosis (GIO) develops in a manner dependent on daily doses [87] and occurs even at small doses. GIO is generally characterized by suppressed bone formation [88] and fracture risk is partly independent of BMD. [43] Most recent studies of COPD-associated osteoporosis, however, included only a small number of subjects on systemic glucocorticoid, or demonstrated increased fracture incidence in subjects without systemic glucocorticoid use. [6, 25, 35] ICS or corticosteroid may be more relevant to the fracture risk in COPD subjects. A recent meta-analysis including 16 randomized controlled trials (RCTs) with 17,513 subjects and 7 observational studies with 69,000 subjects indicated that ICS was associated with a modest but significant fracture risk (OR 1.27 in the RCTs and 1.21 in observational studies). The fracture risk appeared dose-dependent. In a study of 251 COPD males, however, ICS was shown to reduce annual BMD loss in bronchitic patients [89] most likely due to ameliorated inflammation. Therefore, overall effect of ICS seems to depend on the balance between the benefit from its local anti-inflammatory effects and the fracture risk caused by its systemic effect.
Vitamin D insufficiency/deficiency
Vitamin D insufficiency/deficiency is prevalent worldwide across all ages. Vitamin D status is evaluated with serum levels of 25-hydroxy-vitamin D [25(OH)D], which reflects its whole body store. According to the Endocrine Society clinical practice guideline, [90] vitamin D deficiency and insufficiency is defined as 25(OH)D levels below 20 ng/mL and 20 to 30 ng/mL, respectively. Vitamin D insufficiency/deficiency leads to reduced calcium absorption from the intestine, impaired skeletal calcification, and secondary hyperparathyroidism with high bone turnover, thereby causing bone loss and increased fracture risk. It is also associated with muscle weakness and falling, which will increase fracture risk in a BMD-independent manner. [90, 91] Vitamin D deficiency has been shown to be highly prevalent in COPD. [92] [93] [94] [95] Moreover, 25(OH)D levels were lower in advanced stages, [8, [92] [93] [94] [95] suggesting a link between COPD severity and vitamin D deficiency. [96] The exact reason for such a link is unknown, vitamin D deficiency may be caused by decreased sunlight exposure, poor diet and smoking itself [97] in COPD subjects. It has also been postulated that the vitamin D status may affect COPD development and exacerbations. [98] Although interventions with vitamin D supplementation have not been able to provide sufficient evidence for its general efficacy, a subanalysis of subjects with 25(OH)D levels below 20 ng/mL demonstrated that vitamin D was indeed beneficial to those with vitamin D deficiency. [99] Role of vitamin D in the long-term prognosis of COPD patients remains to be determined.
A couple of studies have demonstrated that the vitamin D status is indeed correlated with BMD in COPD subjects. [92, 93] And one longitudinal study demonstrated that in 100 stable COPD patients baseline vitamin D deficiency increased the risk for osteoporosis development by 7.5 fold during a 3-year follow-up period. [86] It should be emphasized that the increase in osteoporosis during the followup in this study was in most cases due to newly diagnosed VFx. These results support a role for vitamin D insufficiency/deficiency in COPD-associated osteoporosis, but its contribution to the fracture risk in COPD patients should be more precisely evaluated in a larger prospective study in the future.
CONCLUSION
There is ample evidence that osteoporosis and osteoporotic fractures are very common in COPD patients. Although the mechanisms by which COPD leads to osteoporosis are yet unclear, patients with COPD have a host of general and disease-specific risk factors for osteoporosis. One important issue with COPD-associated osteoporosis is its extreme under-recognition by physicians resulting in extreme under-treatment. It is important for pulmonologists, as well as general physicians, to be aware of the high prevalence of osteoporosis in COPD patients and to evaluate them for fracture risks. [100] Routine screening for osteoporosis will enable physicians to diagnose COPD patients with comorbid osteoporosis at an early stage and to give them appropriate treatment to prevent fracture, which may lead to improved QOL as well as better long-term prognosis in these patients.
